Fractal analysis has been used to characterize both temporal and spatial variability in plant and soil parameters. A plant parameter of prime concern is crop yield. Consequently, the temporal variability of 10 crops commonly grown in the USA was described using fractal analysis. Average yields of nine grain crops along with fiber yield of cotton lGossypium hirsutum L.) from 1930 to 1990 in the USA were used for semivariogram and fractal analyses. Semivariance was calculated for each crop for different year intervals ( rough and there is no way to identify the scale of a map by its roughness. In fractal analysis, the fractal dimension (D) need not be an integer (as the name implies, D be fractional) and is scale independent (Mandelbrot, 1982). It is an indicator of the shape (geometry) of the fractal parameter being studied. Eghball et al. (1993) used the fractal dimension to statistically compare treatments that influenced the morphology of maize roots. Peters (1994) used fractals for the analysis of variability of the market. For spatial and temporal variability, D can range from 1 (where values within spatial and temporal range of analysis fall on a line) to 2 (where there is so much variation that an entire two-dimensional surface is covered by the range of variation). Large D-values reflect the importance of short-range variation, while small D-values reflect the importance of long-range variation (Burrough, 1983).
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Interest in low-input and sustainable crop production has rekindled interest in long-term agronomic research (Mitchell et al., 1991) . In these studies and other situations where a long-term trend is of interest, it is important to characterize the variability of yield or other parameters of interest to determine changes in stability and long-term sustainability.
Generally, increased yield variability indicates greater risk in crop production. This information is also valuable for developing models to predict crop response to environmental and other factors and identify long-term variations.
Our objective was to determine whether fractal analysis can characterize and compare temporal variability in yields of various crops grown in the USA over a 61-yr period.
T
EMPORAL AND SPATIAL VARIABILITY of soil and plant parameters have been difficult to characterize and quantify. Semivariogram analysis has been used to characterize spatial variability in geological data (Clark, 1979) . semivariogram provides a measure of the degree of spatial or temporal dependence between samples along a given orientation and can be used to describe spatial and temporal variability.
Semivariance may rise to a more or less constant value (the sill) after a given range, or increase continuously without evidence of a definite range and sill (Burrough, 1983) . Semivariance can be used to determine the fractal nature of the parameter being studied.
Fractal analysis, which is based on self-similarity (the manner in which a pattern at one scale is repeated at other scales), has been useful in characterizing plant and soil parameters in several studies (Burrough, 1981; Eghball et al., 1993; -Perfect and Kay, 1991 (USDA, 1930 (USDA, -1990 . These yield values were used to characterize yield variability in the 61-yr period using semivariance (Clark, 1979; Cressie, 1991) and fractal analyses. Semivariance was calculated for average yearly yield of each crop based on the following equation:
where 7a is the calculated semivariance, X~ and Xi+, am yield values separated by h years, and n is the number of points; n -h is the number of intervals or lags. The semivariance was calculated for lags up to 45 yr, to ensure an adequate number of squared differences, and was then used to estimate the fractal dimension for each crop, which was estimated from the regression of log of semivariance vs. log of h. According to Burrough (1981) , the slope of the predicted linear line in the regression analysis is equal to
where D is the fractal dimension, since variance of increments of a Weierstrass-Mandelbrot fractal function varies as h 4-2°( Berry and Lewis, 1980) . The range in the analysis should not be entirely in the sill, where the constant semivariance results in the slope of the regression line being zero (D = 2). In the sill, semivariance is calculating the difference between sets of independents samples with no detectable pattern. It was assumed that the yield level for each crop represented the actual yield for that crop. There were positive trends for yields of crops with time. Since a trend is a long-term variation, it was also included in the analysis for determination of D. If the data were detrended, long-term variation would be removed and the detrended data would resemble a data set with complete domination of shortterm variation. In some situations, this would be contrary to the variability observed in the actual data. Covariance analysis is usually performed on a data set to adjust the treatment means for the covariant effect. In our analyses, however, the procedure was performed to estimate and compare the slopes of regression lines of log of semivariance vs. log of time lag intervals for average yields of different crops. In these analyses, the interaction of crop × covariant (log h) indicates the difference between slopes of different crops. Analysis of covariance (Winer, 1971 ) was performed on the data estimate the slopes and also to determine the differences between the slopes of the regression lines for different crops. Since the slopes and D-values are related by constants, the differences between slopes reflect differences between D-values. Orthogonal contrasts were used to determine the differences in slopes between crops or groups of crops. Semivariances were calculated using a FORTRAN computer program, and SAS (SAS, 1985) was used for the covariance analysis.
To show the shape of yield variation of different crops with different magnitudes of yield, yields for each crop were standardized to a mean of zero and unit variance based on the following equation:
where SV is the standardized value, Y is the yield level, B is the mean, and o is the standard deviation. Since the actual yield levels and standardized values are related by constants, D-values determined from either data set would be similar. The slopes of linear lines fitting the standardized values (see Fig. 3 , below) vs. time ranged from 0.052 to 0.054 for thel0 crops (R z > 0.83 for all crops), indicating that standardization was effective in removing yield magnitude differences between crops.
RESULTS AND DISCUSSION
The average grain yields of nine grain crops and the fiber yield of cotton for 1930 to 1990 in the USA are shown in Fig. 1 . Yields increased about twofold in soybean, oat, and barley and about sixfold in maize from 1930 to 1990. Improvements through plant breeding to develop crop genotypes with greater yield potentials, combined with increasing use of fertilizers and chemicals for weed and pest control were presumably among the reasons for the increase in yield during this period. Yields of rice and soybean both began to increase rapidly between 1950 and 1960, when new varieties and production techniques were introduced. Frey (1984) and others have quantified many the effects of new germplasm and improved practices on crop yield.
Fractal dimension, which is an indicator of noise (variation) in temporal cases, was used to compare the pattern of yield variability of different crops in the last 61 yr in the USA. A D-value of 1 indicates that the yields have no or nonsignificant short-term variability and that yield levels, as a function of time, would fall on a line. A Dvalue of 2 indicates so much variation that a whole twodimensional space would best describe the relationship between yield and time.
Semivariances used for the analysis of covariance are given in Fig. 2 . Analysis of covariance (R 2 = 0.97, P < 0.01), which included data from all crops, indicated significant differences between the slopes (4 -2D) of regression lines of log of semivariance vs. log of lags (h, years) for the 10 crops, as shown by the significant log h x crop interaction ( Table 1 ). The slopes reported Table 2 were estimated using covariance analysis. It is of interest to note that these slopes were not significantly different in cases where crops of similar nature were compared (maize vs. sorghum, rye vs. wheat). Fractal dimension was greatest for oat and soybean, indicating greatest short-term yield variation for these crops over the 61-yr period (Table 2) . Rice had the least short-term variation, as indicated by its lowest D. Lower D in rice may partially result from management practices used for this crop (seldom would the crop be subjected to water stress, for example). Maize, peanut, sorghum, and wheat were the crops having least short-term variation after rice. Short-term variation for oat and soybean was large, as indicated by a larger D than these other crops. This suggests that yields of these crops may be more sensitive to annual variation in some growth factor than are other crops. Large yield differences between years were observed for barley, cotton, maize, oat, rice, sorghum, and soybean after 1960 where yields of these crops increased (Fig. 3) . A separate analysis showed that for crops barley, cotton, maize, oat, rice, sorghum, and soybean, the fractal dimensions increased by 2. 4, 17.6, 11.0, 3.8, 3.8, 16 .4, and 9.3%, respectively, for the period from 1961 to 1990 compared with 1930 to 1960. The D-values for the other three crops actually decreased for the period from 1961 to 1990 compared with 1930 to 1960. Presumably, the increase in crop yields after 1960 resulted primarily from improvements in plant breeding and using fertilizers and pesticides; however, this increase in yield also increased the risk of having large yield differences between years after 1960. This was probably due to environmental factors or poor management systems. This increased year-to-year yield difference increases risk to the producer by providing a less stable income. Year-to-year average maize grain yield difference was as much as 2.2 Mg ha -~ from 1961 to 1990, while from 1930 to 1960 the maximum year-to-year average maize grain yield difference was 0.9 Mg ha -~. Similarly, the maize grain yield standard deviation was greater for the period from 1961 to 1990 than from 1930 to 1960 (1.16 vs. 0.63, respectively). In relative terms, however, the coefficient of variation was lower for the period from 1961 to 1990 (20.3%) than for 1930 to 1960 (29.6%), since the yield levels were lower in the latter period.
To compare fractal analysis with standard regression analysis, quadratic models were fitted to the yields of the crops studied. Regression analysis (Table 3) indicated that yields of all crops increased with time, but with no indication of dominance of short-term vs. long-term variation. In the regression analysis, the slopes, which depend on the yield levels, should not be compared between different crops. Standardizing the yield levels using Eq.
[3] produces data sets with similar linear slopes for all crops.
In the fractal analysis, however, since D-values are scale independent and do not depend on the yield levels but rather on variability, they can be compared between crops with different yield levels. Also, dominance of short-term vs. long-term variation can be determined for each crop. Analysis of the D-values indicated significant difference between crops for yield variation even though regression analysis indicated increase in yield with time for all crops. Oat and soybean, which had the greatest short-term variation, had two of the lowest CV values in the regression analysis.
Pattern of year-to-year variation (temporal variation) in average crop yield in the USA was less than values for spatial variability reported for several soil parameters. For *,** Significant at the 0.05 and 0.01 probability levels, respectively. example, the D-values for pH, % clay, and % silt in the top 0.65 m of a soil in England were 1.80, 1.70, and 1.80, respectively (Burrough, 1983) , indicating relatively large short-range variation. These values are much greater than that for oat (D = 1.47), the crop with the largest D. Because of great variability, it has always been difficult to model the soil processes. However, with less short-term variation in average crop yields, it appears that it would be possible to make more accurate yield trend predictions. Crop yield variability may be great in local situations where environmental factors vary widely from year to year.
SUMMARY
Improvements through plant breeding and the use of fertilizers and pesticides increased yield of the 10 crops studied from 1930 to 1990. Average crop yields in the USA increased about twofold in soybean, oat, and barley and about sixfold in maize. However, year-to-year yield differences increased for most crops as the yields increased, indicating a greater production risk. The crop with lowest year-to-year yield variation was rice, which had the lowest D; the crops with greatest short-term variation were oat and soybean, which had the highest D. Fractal analysis was shown to be useful in characterizing yield variability of different crops in the last 61 yr in the USA. With these techniques, it was possible to compare different crops for temporal yield variation even though they varied widely in average yield levels.
